Abstract. Long-term eddy covariance particle number flux measurements for the diameter range 6 nm to 5 µm were performed at the SMEAR III station over an urban area in Helsinki, Finland. The heterogeneity of the urban measurement location allowed us to study the effect of different land-use classes in different wind directions on the measured fluxes. The particle number fluxes were highest in the direction of a local road on weekdays, with a daytime median flux of 0.8×10 9 m −2 s −1 . The particle fluxes showed a clear dependence on traffic rates and on the mixing conditions of the boundary layer. The measurement footprint was estimated by the use of both numerical and analytical models. Using the crosswind integrated form of the footprint function, we estimated the emission factor for the mixed vehicle fleet, yielding a median particle number emission factor per vehicle of 3.0×10 14 # km −1 . Particle fluxes from the vegetated area were the lowest with daytime median fluxes below 0.2×10 9 m −2 s −1 . During weekends and nights, the particle fluxes were low from all land use sectors being in the order of 0.02-0.1×10 9 m −2 s −1 . On an annual scale the highest fluxes were measured in winter, when emissions from stationary combustion sources are also highest. Particle number fluxes were compared with the simultaneously measured CO 2 fluxes and similarity in their sources was distinguishable. For CO 2 , the median emission factor of vehicles was estimated to be 370 g km −1 .
Introduction
Atmospheric aerosol particles are known to have adverse health effects especially in urban areas (Curtis et al., 2006; Keeler et al., 2005) , where many pollution sources are loCorrespondence to: L. Järvi (leena.jarvi@helsinki.fi) cated, and where a large number of people are exposed to these pollutants. Aerosol particles also affect global climate directly by either cooling or warming the atmosphere depending on the particle composition, or indirectly acting as cloud condensation nuclei and further affecting the atmospheric radiation balance (Intergovernmental Panel on Climate Change, 2007) . In urbanized areas, road traffic has been identified as the main source especially for ultra-fine particles, which can either be directly emitted or formed in secondary reactions from exhaust gases (e.g. Thomas and Morawska, 2002; Young and Keeler, 2007; Järvi et al., 2009) . Besides road traffic, other combustion sources are relevant for particle emissions (e.g. Pakkanen et al., 2001; Young and Keeler, 2007) , with wood burning in cold regions causing high particle emissions during winter (e.g. Glasius et al., 2006) . Although many of the particle sources have been identified, there is still much uncertainty in the emission strength of different sources and their contribution to particle concentrations, especially on the scale of micrometeorological flux measurements.
In natural ecosystems, much work related to particle exchange between the surface and atmosphere has been performed, whereas in cities, the number of studies is limited (as reviewed by Pryor et al., 2008) . A few studies have concentrated on modelling the particle emissions in urban areas using different methods (e.g. Palmgren et al., 1999; Kumar et al., 2008) , while direct particle flux measurements have been made in a few cities during shorter campaigns (Nemitz et al., 2000 Dorsey et al., 2002; Longley et al., 2004a, b; Donateo et al., 2006; Mårtensson et al., 2006; Martin et al., 2008; Schmidt and Klemm, 2008) . Particle exchange measurements provide important information on the previously mentioned emission strengths and distributions of sources, and in addition yield input parameters for air quality and climate models. Recently, Schmidt and Klemm (2008) were the first to report size-resolved particle number fluxes from an urban area (from Münster, Germany), whereas Nemitz et al. (2008) reported the first results on the fluxes of chemical species of particulate matter (from Boulder, Colorado).
In Helsinki, Finland, continuous measurements of particle number fluxes using the eddy covariance (EC) technique were started at the SMEAR III urban measurement station in July 2007. The EC technique provides the most direct measure of the vertical exchange of particles, and the measurement system was able to detect particles ranging from 6 nm to 5 µm in aerodynamic diameter. The main particle sources in Helsinki are identified as energy production, road traffic and wood burning accounting for 32, 28 and 29 percent of the total particle mass (PM 10 ) emissions, which were estimated to be 1042 tons yr −1 in 2007 (Niemi et al., 2008) . The complex measurement site provides an opportunity to study the effect of different types of land use on particle exchange, while the northern measurement location enables us to analyse the fluxes in varying meteorological conditions with distinguishable seasons. The main purpose of this study is to analyse the effect of different land uses on the exchange process and the temporal behaviour of the flux, up to a seasonal time scale. The influence of traffic rate and atmospheric mixing on the particle number fluxes as well as the correlation of the particle number and carbon dioxide (CO 2 ) fluxes are also studied.
Emission velocity, defined by negative flux to concentration ratio, is a frequently used variable employed in the analysis and characterisation of particle exchange over urban areas (e.g. Dorsey et al., 2002) . It is well known that flux and concentration have very different source weight functions called footprint functions (e.g. Schmid, 2002) , the concentration footprint function giving more weight to distant sources. In addition, the aerosol particle concentration contains a significant background component, which is determined by sources other than those inducing the flux. Moreover, concentrations are more affected by atmospheric mixing and the observation height, whereas flux is more invariant with respect to the chosen observation height and turbulence conditions. To avoid such complications and to have a more general description of local particle sources and sinks, we chose to analyse only the particle fluxes instead of the emission velocities.
Measurements and methods

The site description
The measurements of aerosol particle number fluxes using the EC technique were carried out at the SMEAR III urban measurement station (Station for Measuring Ecosystem -Atmosphere Relationships) in Helsinki, Finland, between July 2007 and July 2008. The measurements were made on the top boom of a 31 m tall triangular lattice tower situated on a hill (60 • 12 N, 24 • 57 E, 26 m above sea level) around 5 km north-east from Helsinki city centre. The measurement loca- Fig. 1 . Aerial photograph of the measurement location. Topography of the measurement site (relative to sea level) is denoted by blue contours. The green contours show the flux footprint function (scale 10 −6 , the unit of flux footprint is m −2 ) when the wind direction is perpendicular to the road (117 • ), geostrophic wind speed is 10 m s −1 and the boundary layer is neutrally stratified. The location of the measurement tower is marked by a green star, and its distance to the edge of the road is around 150 m. tion was heterogeneous, consisting of buildings, paved areas and vegetation (Fig. 1) , and was divided into three land use sectors according to the typical land use in the area. The urban sector, which is mainly covered with buildings (mean height of 20 m), roads and parking lots, is located in the range 320-40 • . The road sector is in direction 40-180 • , and one of the main roads leading to Helsinki city centre with a traffic rate of 47 000 vehicles per workday (Lilleberg and Hellman, 2009) passes this sector at a distance of 150 m from the tower. The vegetation sector in direction 180-320 • is mainly covered with vegetation at both the University Botanical garden and an allotment garden. A more detailed description of the measurement site can be found in Vesala et al. (2008) and Järvi et al. (2009) .
Measurements
The EC measurement setup consisted of a Metek ultrasonic anemometer (USA-1, Metek GmbH, Germany) to measure all three wind velocity components and sonic temperature, and a water-based condensation particle counter (WCPC, TSI-3781, TSI Incorporated, USA) to measure the aerosol particle number concentration. The 50% cut-off size of the WCPC is 6 nm, but it is slightly dependent on the particle composition as reported by Hering et al. (2005) . Moreover, particle losses occur in the sampling line mainly due to Brownian diffusion and impaction mechanisms prevailing at small and large particle sizes, respectively. However, the Diameter (µ µ µ µm)
Penetration
Tube transfer CPC detection Fig. 2 . Transfer efficiency of the EC system as a function of particle size. In penetration calculations (according to Baron and Willeke; , the tube was assumed to consist of 10 different segments including bends. Particle density was assumed to be 1.5 g cm −3 .
measurements at small particle sizes were limited by the ability of the WCPC to detect small particles and not by losses caused by the sampling line as can be seen from the particle size transfer function of the EC system shown in Fig. 2 . CO 2 mixing ratios used to calculate CO 2 fluxes were measured with a closed-path infrared gas analyser (LI-7000, LI-COR Biosciences, USA). Both the aerosol particle number and CO 2 analysers used the same air inlet situated 13 cm below the anemometer. The inlet was covered with a 6 mm diameter filter (mesh 0.1 mm) and rain cover. The main tube connected to the CO 2 analyser was a 40 m long steel tube with an inner diameter of 8 mm. The side flow to the WCPC was drawn through a 0.1 m long tube from the main tube at a distance of 3.6 m from the inlet. The airflow in the main tube was 16 l min −1 and it was heated with a power of 4 W m −1 to avoid water condensation on the walls. Inlet time lags and fluxes of aerosol particles and CO 2 were determined with a maximum covariance technique (e.g. McMillen, 1988) . The EC measurements were recorded at a rate of 10 Hz. Data were recorded and will be presented in Eastern European Time (EET) without summer time correction.
The measurement period from July 2007 to July 2008 was divided into three seasons: summer, fall/winter and spring. Winter was not separated from fall since no thermal winter (daily average temperatures below 0 • C over 5 days) was observed during the measurement period. 
Traffic monitoring
Traffic rates in the Helsinki area are monitored by the Helsinki City Planning Department. The nearest on-line traffic monitoring point is on the Itäväylä road about 2.5 km Southeast of the measurement station. The traffic patterns on the Itäväylä road and the road next to the measurement station are similar, except traffic rates are 25% higher on the Itäväylä road (Lilleberg and Hellman, 2009) . This difference was taken into account when analysing the traffic data. Traffic data were logged every hour except during rush hours, when it was logged four times per hour. Due to limited traffic data coverage, data analysis including traffic counts covered only the period from July 2007 to May 2008.
Data processing
With the EC technique, turbulent flux F s is calculated as a covariance between vertical wind speed w and scalar s according to the equation
(1)
In our case, s was either the aerosol particle number concentration or the mixing ratio of CO 2 . Before the flux calculation, data were linearly de-trended and a 2-dimensional coordinate rotation was applied. To improve the quality of the flux data, observation periods with clear spikes in particle concentration and CO 2 mixing ratio records as detected by visual inspection were excluded. A stationary test according to Foken and Wichura (1996) was performed on both the particle and CO 2 flux data. The measurement period used to calculate each flux value was divided into 5-min intervals and if the difference between the flux value and the mean covariance of the sub-intervals was larger than 60% the flux value was omitted. Even after the stationary test, uncertainties caused by the effect of the hill and the heterogeneous emission area are likely to remain. However, various tests to check the suitability of the EC technique have been found to be approximately valid at the measurement site . Analysed data was also selected according to the condition of friction velocity being greater than 0.1 m s −1 to avoid low turbulence conditions. Co-spectral corrections were applied to the particle and CO 2 fluxes, and the attenuation factors were calculated numerically by integrating
where F s and F are the measured and un-attenuated fluxes, respectively, f is the natural frequency, TF High (f ) and TF Low (f ) are the transfer functions in the high and low frequency regions respectively, and C ws (f ) is the co-spectral density describing the frequency behaviour of the turbulent flux (Moore, 1986; Horst, 1997) . On the grounds of scalar similarity, the co-spectral models of Kaimal et al. (1972) for sensible heat were used as C ws (f ), and the normalized frequency n m at which the frequency weighted co-spectrum of sensible heat flux attains its maximum value was determined experimentally as a function of atmospheric stability
L , where L is the Obukhov length, z is the measurement height and d is the displacement height (Horst, 1997; Rannik et al., 2004) . d was defined separately for each land use sector (13, 8 and 6 m for urban, road and vegetation, respectively) as two-third the mean canopy height (Grimmond and Oke, 1999) . In unstable cases, n m was found to be constant with a value of 0.1±0.04 (SD), and in stable cases a least-square fit was made yielding Eq. (3) (plotted in Fig. 3) .
For the low frequency loss, TF Low (f ) associated with the linear de-trending was used (Rannik and Vesala, 1999) , while for TF High (f ) the following co-spectral transfer function was employed
where the first order response time τ c was determined experimentally from the ratio of normalized co-spectral density of respective scalar and sensible heat Mammarella et al., 2009 ). The experimental transfer function for aerosol particle number fluxes was calculated from 270 half hourly data runs measured in March-June 2008 yielding a value of τ c = 0.5 s. For aerosol particle number flux, the median correction factor F s /F was found to be 0.9, and the 5 and 95 percentiles were 0.85 and 0.93, respectively.
Footprint analysis
Over complex topography and heterogeneous terrain, the only possible way to estimate the influence of surface sources on the measured flux is through the use of numerical calculations. The footprint simulations were performed using the numerical atmospheric boundary-layer model SCADIS (Sogachev and Lloyd, 2004; Sogachev and Panferov, 2006) . The model is based on a one-anda-half-order turbulence closure applying an E-ω scheme, where E is the turbulent kinetic energy and ω is the specific dissipation of E (Sogachev et al., 2002; Sogachev, 2009) . The model does not take the heterogeneity of urban heat fluxes into account. In simulations, land use was classified into nine different types including roads, parking areas, soil, and trees with two different height classes, and buildings with four different height classes. Buildings were considered to be impenetrable. The footprint calculation was made for the road sector with the surface wind from a direction of 117 • , representing the direction perpendicular to the road, and a geostrophic wind speed of 10 m s −1 . Neutral stratification of the atmosphere was assumed. The cell size used in the simulation was 20×20 m 2 .
Results
In urban conditions, particle fluxes are expected to follow several drivers. The fluxes depend on wind direction due to the different surface types, while seasonal and diurnal variation is also likely to exist in the measured fluxes. In the following, these dependencies are studied in more detail.
Particle number flux dependence on wind direction
The highest particle number fluxes were observed when the wind direction was between east and south, the direction corresponding to the road sector (Fig. 4) . In winter, the largest particle fluxes were measured from the south, in spring in the southeast, and in summer the fluxes were more evenly distributed between eastern and southern directions. In winter and spring, relatively high particle fluxes were also observed in the north, where a parking lot close to the measurement point is located. Automotive emissions from the parking lot could also explain the seasonality of this local directional maximum, since activity at the parking lot is lower in summer than in other seasons due to the summer vacations. A residential area with single family homes is also located to the north, where wood burning for heating could contribute to the observed dependence during the colder months.
Differences between the seasons were also observed in other directions. In winter, the fluxes in the south and in the sector 60-90 • were relatively high compared to spring and summer. These directions correspond to the location of the road. We note that the seasonal influence of atmospheric stability on flux footprints is likely to affect the observed seasonal patterns. 
Temporal variation of particle number fluxes
As particle emissions in urban areas are mainly driven by traffic and household activity, particle fluxes are expected to show diurnal variation with differences between weekdays and weekends. The diurnal variation should also be affected by the atmospheric mixing conditions, with source-sink relationships between the areas of emission and the measurement point affected by atmospheric stability. Fig. 5 shows the diurnal variation of particle number fluxes separated into the three distinct surface types. The fluxes were systematically higher in the road sector, reaching 10 9 m −2 s −1 , and lower in the vegetation sector, where the fluxes remain below 300×10 6 m −2 s −1 . Seasonal differences in the diurnal patterns were not distinguishable except in fall/winter, when the particle fluxes in the road direction were higher than in summer and spring. This could result from increased particle emissions from stationary combustion sources, changes in the measurement footprint, or an increased proportion of bus and heavy-duty traffic in fall/winter compared to other seasons. Particle sources dominated the deposition sink in all land use sectors, as shown in Fig. 5 . However, the upward particle fluxes were systematically lower in the vegetation sector indicating weaker emissions from the footprint area. Part of these lower fluxes could also be explained by particle deposition to tree foliage. The effect of traffic activity on particle exchange was only observed on weekdays in the vegetated and urban sectors, whereas on weekends, the fluxes had no diurnal pattern. The particle number flux statistics for the different land use types and seasons are summarised in Table 1 . According to the observed similarity in number fluxes, data for day and night times, and weekends and weekdays were aggregated. In all land use sectors, the highest particle number fluxes were measured in fall/winter indicating higher emissions from stationary combustion sources during the colder months. As was evident from the diurnal plots in Fig. 5 , the highest fluxes were measured on weekdays, when the median fluxes ranged between 120 and 840×10 6 m −2 s −1 . The highest fluxes were systematically measured in the road sector, and the lowest in the vegetation sector. The particle fluxes were low at night, ranging from 20 to 110×10 6 m −2 s −1 . These observed differences between different types of land use are similar to those reported by Mårtensson et al. (2006) for Stockholm, Sweden. The observed particle fluxes are similar to those reported in previous studies, which have reported fluxes varying between 200 and 1200×10 6 m −2 s −1 (Dorsey et al., 2002; Mårtensson et al., 2006; Nemitz et al., 2008) . Direct comparisons are, however, difficult since the particle detection size limits vary between the different studies, and because particle fluxes are highly dependent on the measurement location, height and the intensity of traffic, which vary strongly between different studies.
Traffic rate dependence
The traffic flow rate showed a strong dependence on the time of day, but only a slight difference between the seasons (Fig. 6 ). An hourly shift in traffic rates in winter results from the change to local summer time in spring and summer. Evidently, the variation in traffic rate correlated with the diurnal pattern of particle fluxes, but the double peaked pattern observed in traffic rates due to the rush hours was not observed The grey crosses show the hourly particle fluxes, the dashed line shows our exponential fitting (F p = 5903e 3.3T r cm −2 s −1 ), and the thick dash-dot line is the fit (F p = 13 000e 1.8T r cm −2 s −1 ) obtained by Dorsey et al. (2002) for the City of Edinburgh. The circles are the median values calculated for bins of 500 vehicles hr −1 , and the dash-dotted lines are the respective quartile deviations.
in particle fluxes (see also Fig. 5 ). This missing double peak behaviour has also been observed by Dorsey et al. (2002) , Mårtensson et al. (2006) and Martin et al. (2009) , and this may result from the stronger turbulent mixing around midday, or differences in footprints during different times of day. Also, a greater proportion of heavy duty vehicles (HDV) at mid-day than during rush hours could explain the mid-day flux peak, as was reported for Stockholm by Mårtensson et al. (2006) .
We correlated the particle fluxes with the traffic counts in the road sector (Fig. 7) , and approximated the dependence with an exponential curve similar to that in Dorsey et al. (2002) , despite the distinction between linear and exponential dependence not being clear in our measurements. A non-linear relationship between traffic counts and particle emission may result from the dependence of particle emission rate on vehicle speed. During congested conditions, driving speeds commonly decrease and it has been observed that below 50 km h −1 the particle emissions from road traffic increase (Ristovski et al., 2005; Morawska et al., 2007) . The traffic counts do not separate heavy-duty and light-duty vehicles (HDV and LDV, respectively), increasing non-linearity between the particle emissions and traffic counts as particle emissions are an order of magnitude larger from HDV than LDV (e.g. Jones and Harrison, 2006; Ban-Weiss et al., 2009 ).
In addition, this non-linearity is probably affected by the dependence of fluxes on atmospheric mixing conditions as is shown in Fig. 8 , where traffic normalized particle fluxes are plotted as a function of atmospheric stability in the road sector. The results indicate that unstable conditions favour stronger dependence between the traffic emissions and the measured flux.
Correlation between the particle number and carbon dioxide fluxes
Correlation analysis between the particle number and carbon dioxide (CO 2 ) fluxes indicated similarity in their sources (Table 2). During the growing season, vegetation acts as a carbon sink during the daytime, lowering the overall EC flux. This yielded lower correlation between the two fluxes, since the particle fluxes are less affected by vegetation uptake. In the vegetation sector especially, the CO 2 uptake exceeded CO 2 emissions resulting in negative fluxes and vanishing correlation between the CO 2 and particle number fluxes. Nemitz et al. (2008) also found a low dependence between particle and CO 2 fluxes in Boulder (Colorado) in summer. In fall/winter, the fluxes showed a similar dependence in all land use sectors, i.e. the particle emission was proportional to CO 2 emission. In the road sector, the correlation between the fluxes was the strongest with R 2 varying from 0.43 in summer to 0.71 during spring. The offset was always positive in the road sector indicating higher particle emissions than CO 2 emissions from traffic and/or from other sources. For urban and vegetation sectors, correlations were below 0.43 except in the vegetation sector in winter/fall, when R 2 reached 0.60. To gain more information about the relationship between the two fluxes, the diurnal behaviour of their emission ratio (ER) as a function of season and land use sectors was examined in Fig. 9 . In the road sector, emissions originate mainly from traffic, and ER did not exhibit a distinguishable diurnal behaviour in fall/winter being around 5×10 10 # (µmol CO 2 ) −1 . ER remained around the same level in spring and summer in the daytime, but the nocturnal ER decreased to 1×10 10 # (µmol CO 2 ) −1 , probably due to the respiration of vegetation. Surprisingly, photosynthetic uptake by vegetation was not seen as a lowered daytime ER in summer in the road sector despite the vegetation cover between the road and the measurement tower. In other land use sectors the effect of vegetation was evident in summer, resulting in negative ER. Vegetation uptake was probably also responsible for the high ER (reaching 8×10 10 # (µmol CO 2 ) −1 ) in the urban sector in spring as the overall CO 2 flux decreased. Figure 1 shows the isolines of the calculated flux footprint function, i.e. the function relating the contribution of surface sources to the measured flux (e.g. Schmid, 2002) . The flow pattern was strongly affected by buildings, and therefore the footprint function of the surface fluxes showed a complex pattern, unlike the smooth pattern characteristic of horizontally homogeneous conditions. In fact, the function had two local maxima, one close to the measurement tower and another at a distance further upwind. Model simulations also indicated that the footprint function was highly sensitive to wind direction. Figure 10 shows the flux footprint function in a crosswind integrated form as estimated by the numerical (SCADIS model) and analytical (Horst and Weil, 1994) models. Application of the analytical model to such a complex environment can only be indicative and is used only as a comparison of how the footprint function could look like under horizontally homogeneous conditions. The footprint maximum of the numerical simulation is shifted due to topography when compared to the analytical simulation.
Footprint and road source analysis
From the measured flux F s and cross-wind integrated footprint function value F y (x) at a distance x upwind from the measurement location, the line source strength L of substance s (in m −1 s −1 ) can be estimated as L(x) = F s F y (x) −1 . The estimated L can be used to approximate emission factors from road traffic for both particle number and CO 2 . The calculations were only made for atmospheric conditions representative for the footprint function (−0.01<ζ <0.01, wind direction 117±25 • and non-geostrophic wind speed 7-9 m s −1 ) and due to these constraints only 15 suitable data points could be identified. By using these data points and an approximate footprint value F y (150 m) = 10 −3 m −1 from Fig. 10 , the median source strength of the road was estimated to be 0.1×10 12 m −1 s −1 and 0.15 g m −1 s −1 for particle number and CO 2 , respectively. If we use the measured traffic rates, previous results yield median particle and CO 2 emission factors per vehicle of (3.0±1.1)×10 14 # km −1 and (368±46) g km −1 , respectively. The error bounds represent standard errors. These emission factors are representative of the mixed vehicle fleet, and due to the small number of data points and uncertainties in footprint estimation, the obtained emission factors are only estimates, and should be treated with caution. However, despite our novel approach to calculating the emission factors, the values obtained correspond well with those reported in previous studies (Gramotnev et al., 2003; Ketzel et al., 2003; Ristovski et al., 2005; Jones and Harrison, 2006; Ban-Weiss et al., 2009; Birmili et al., 2009) .
The advantage of estimating the emission factors from particle flux measurements using the footprint approach, or from roadside concentration measurements using dispersion modelling as in e.g. Gramotnev et al. (2003) and Birmili et al. (2009) , is the generality of the result in terms of emission per vehicle per km of road. As discussed and summarised by Martin et al. (2008) , particle flux measurements in different cities can be related directly to traffic rate and friction velocity, however, such relationships would include site specific proportionality coefficients related to location and height of the flux measurement system.
Conclusions
The temporal behaviour of aerosol particle number fluxes together with the dependencies on land use and traffic rate were studied in Helsinki, Finland between July 2007 and July 2008. The effect of mixing conditions, and correlation between particle number and CO 2 fluxes and their emission ratios were also analysed.
The highest particle number fluxes were observed in winter/fall, when the medians ranged between 110 and 840×10 6 m −2 s −1 in daytime on weekdays. This is probably due to enhanced emissions from stationary emission sources during the colder months. However, the dependence of source footprints on boundary layer stability might also affect the observed seasonal variations. The particle fluxes had a distinct dependence on land use, with the highest values in the road sector reaching 840×10 6 m −2 s −1 during weekdays, and the lowest values in the vegetation sector, where the fluxes remained below 230×10 6 m −2 s −1 . The lower fluxes in the vegetation sector are due to the low density of anthropogenic sources in the area, and particle deposition on vegetation.
The diurnal pattern of particle number fluxes followed the measured traffic patterns closely, except the double peaked rush hour pattern was not observed in the particle number fluxes. This may result from the stronger atmospheric mixing at mid-day, as particle fluxes normalized with traffic rate were found to increase with increasing instability. The correlation between the particle number and CO 2 fluxes was good, especially in the road sector, indicating similarity in their sources. However, during the growing season their correlation diminished as CO 2 exchange is more strongly affected by vegetation cover than particle exchange. A numerical atmospheric boundary-layer model with sophisticated topography and land use description was used for airflow and flux footprint modeling. By using the footprint function, the median emission factors of particle number and CO 2 per vehicle were estimated to be 3.0×10 14 # km −1 and 370 g km −1 , respectively.
